Posttranscriptional and posttranslational modification of macromolecules is known to fine-tune their functions. Trm112 is unique, acting as an activator of both tRNA and protein methyltransferases. Here we report that in Saccharomyces cerevisiae, Trm112 is required for efficient ribosome synthesis and progression through mitosis. Trm112 copurifies with pre-rRNAs and with multiple ribosome synthesis trans-acting factors, including the 18S rRNA methyltransferase Bud23. Consistent with the known mechanisms of activation of methyltransferases by Trm112, we found that Trm112 interacts directly with Bud23 in vitro and that it is required for its stability in vivo. Consequently, trm112⌬ cells are deficient for Bud23-mediated 18S rRNA methylation at position G1575 and for small ribosome subunit formation. Bud23 failure to bind nascent preribosomes activates a nucleolar surveillance pathway involving the TRAMP complexes, leading to preribosome degradation. Trm112 is thus active in rRNA, tRNA, and translation factor modification, ideally placing it at the interface between ribosome synthesis and function.
A ctively growing budding yeast cells produce an average of 33 ribosomes per second, which is considerable (61) . Besides the synthesis of its constituents, i.e., 79 ribosomal proteins and 4 rRNAs, ribogenesis involves a large number of so-called transacting factors, including proteins and small nucleolar RNAs (13, 56) . These interact only transiently with preribosomes and are required for pre-rRNA processing (i.e., cleavages), pre-rRNA modification, and preribosome assembly and transport.
Ribosome synthesis is initiated in the nucleolus, a highly dynamic specialized subcompartment of the nucleus organized around clusters of actively transcribed rRNA genes (60) . There, RNA polymerase I produces a 35S/47S (in yeasts and humans, respectively) primary transcript which is processed through a complex succession of endo-and exoribonucleolytic cleavages into three of the four mature rRNAs, the 18S, 5.8S, and 25S/28S rRNAs. The fourth rRNA, 5S, is independently transcribed by RNA polymerase III. Ribosome maturation starts cotranscriptionally in the nucleolus, progresses in the nucleoplasm until preribosomes reach the nuclear pore complex, and is finalized in the cytoplasm. Cytoplasmic maturation steps consisting of pre-rRNA processing and structural reorganization result in the assembly of prominent ribosomal structures, such as the "beak" of the small subunit (SSU) and the "stalk" of the large subunit, and are a prerequisite to the acquisition of functionality (43) .
It is not clear how the various facets of ribosome synthesis are integrated with ribosome function. However, there is growing evidence that such coordination exists. For the small subunit, recent cryoelectron microscopy (cryo-EM) maps of late pre-40S subunits indicate that the binding of trans-acting factors literally mask functional sites, preventing premature translation initiation (57) . For the large subunit, trans-acting factors that resemble ribosomal proteins (such as Imp3, Rlp7, Rlp24, and Mrt4, discussed in references 9, 33, and 50), and translation elongation factor-like proteins (such as Efl1 [55] ), have been suggested to act as "placeholders" or "body doubles" and to have a role in probing functional sites on preribosomes.
Ribosomal components are targets of posttranscriptional and posttranslational modifications. The most frequent rRNA modifications are pseudouridylation and 2=-O ribose methylation, catalyzed, respectively, by box H/ACA and box C/D snoRNA-guided enzymes (5, 23) . In addition, several bases are modified by specific protein methyltransferases (MTases), such as Dim1 and Bud23 (28, 64) . Within pre-rRNAs, modifications always target residues in the mature rRNA sequences, and, quite suggestively, these often cluster in functional centers of the ribosome (see, e.g., references 22 and 31). However, the exact functions of rRNA modifications remain largely unknown. In the case of Dim1 and Bud23, it was shown, against all odds, that it is the actual presence of the protein rather than its catalytic activity in rRNA modification that is required for pre-40S ribosome synthesis (28, 64) . To date, much less is known about the posttranslational modification of ribosomal proteins and trans-acting factors. However, phosphorylation has been shown to control key assembly steps, such as the formation of the "ribosomal beak" on pre-40S (52) , and sumoylation to regulate intranucleolar transport reactions, snoRNP assembly, and preribosome export (8, 44, 63) .
Ribogenesis is a complex error-prone process which is actively monitored by quality control mechanisms (26) . One such mechanism is a 3=¡5= nucleolar surveillance pathway in which the RNA component of defective preribosomes is tagged for degradation by the RNA exosome by the iterative addition of short poly(A) tails by TRAMP complexes (6, 62) . Recently, the exosome cofactors and RNA-binding complex Nrd1-Nab3 were suggested to contribute to the identification of defective preribosomes, and to the cotranscriptional recruitment of the exosome, through interactions with the RNA polymerase I elongation complex Spt4-Spt5 (29) .
Trm112 is a small zinc finger protein of 15 kDa which acts as a coactivator of several class I S-adenosyl-L-methionine (SAM)-dependent MTases (15, 32, 36, 49, 58) . To date, Trm112 is known to interact with, and to activate, three MTases, namely, Mtq2, Trm9, and Trm11, all related to ribosome function. The Mtq2-Trm112 complex methylates the translation termination factor eRF1 on the Gln side chain of its universally conserved GGQ motif (14, 15) . Trm11-Trm112 forms 2-methylguanosine at position 10 on tRNAs (49) . The Trm9-Trm112 complex catalyzes the addition of a methyl group to uridine at the wobble position (U34) of specific tRNAs (20, 36, 58) .
High-throughput affinity purifications indicated that Trm112 interacts with the SSU-processome-associated DEAH box RNA helicase Dhr1 (4, 24) . The SSU-processome is a macromolecular complex corresponding to nascent pre-40S ribosomes where the initial U3-dependent pre-rRNA cleavages take place (7, 21, 35, 46) . The interaction between Trm112 and Dhr1 prompted us to test the requirement for Trm112 in ribosome synthesis. Here, we report that Trm112 is a bona fide preribosome constituent that interacts, both in vivo and in vitro, with the 18S rRNA MTase Bud23. We further show that Trm112 is required for Bud23 metabolic stability and therefore for Bud23-mediated methylation of the 18S rRNA in vivo and for ribosome assembly.
MATERIALS AND METHODS
Bacterial and yeast strains. Escherichia coli DH5␣ was used for DNA amplification and cloning purposes. E. coli SoluBL21 (Amsbio) was used to express the His 6 -Bud23-Trm112 complex. Cells were grown in complete Luria-Bertani broth (LB). Antibiotics were added, when required, at the final concentrations of 50 g/ml for kanamycin, 200 g/ml for ampicillin, and 15 g/ml for chloramphenicol. Yeast strains used in this study are listed in the supplemental material. Cells were grown at 30°C unless otherwise stated. Cells were grown either in complete yeast extract-peptone-dextrose (2% each) (YPDA) or in synthetic minimal medium, supplemented with 2% sugar (either galactose or glucose). Paromomycin was added at a final concentration of 800 g/ml and cycloheximide at a final concentration of 100 g/ml.
Plasmids, protein expression, and purification. pACDuet(H 6 Bud23), a derivative of pACYC-Duet1 (Novagen) expressing Bud23 with a His 6 tag on its N terminus, was constructed as described in the supplemental material.
The His 6 -Bud23 and Trm112 proteins were expressed from SoluBL21 strain transformed by pACDuet(His 6 Bud23) and pVH451 after induction with isopropyl-␤-D-thiogalactopyranoside (IPTG) (0.1 mM) at 23°C at an optical density at 600 nm (OD 600 ) of 0.4 in LB medium containing ZnCl 2 (100 M final), ampicillin, kanamycin, and chloramphenicol overnight. The complex was purified as previously described for Mtq2-Trm112 (15) .
Western blot analysis. Proteins were separated on 12% SDS-polyacrylamide gels and transferred to nitrocellulose membranes, and Western blotting was performed with specific primary antibodies, peroxidasecoupled secondary antibodies with SuperSignal chemiluminescent substrate (Pierce), and a Bio-Rad Chemidoc XRS camera. We used antiMtq2-Trm112 and anti-Bud23-Trm112 antibodies raised in rabbit against purified recombinant yeast complexes, mouse monoclonal antiHis 6 antibody (Roche), and mouse monoclonal anti-PGK1 (Invitrogen). In Western blotting of sucrose gradient fractions, Bud23 and Trm112 were detected by the anti-Bud23-Trm112 complex antibody. Rps8 was detected with a specific antibody raised in rabbit and used at 1:1,000 (a gift from Giorgio Dieci, Università degli studi di Parma), Rpl3 with a specific antibody raised in mouse and used at 1:2,000 (a gift from Jonathan Warner, Albert Einstein College, New York, NY), and Nog1 with an antibody raised in rabbit and used at 1:500 (a gift from Micheline Fromont-Racine, Institut Pasteur, Paris, France). Samples were resolved on Criterion 4 to 12% bis-tris gels (Bio-Rad).
RNA extraction, Northern blotting, pulse-chase labeling, quantitative real-time PCR (qRT-PCR), and primer extension. RNA extraction from yeast cells and Northern blotting were performed as described previously (3). Oligonucleotides used in the hybridizations are listed in the supplemental material. For the analysis of high-molecular-weight species, 10 g of total RNA was separated on a 1.2% agarose-6% formaldehyde gel; for low-molecular-weight species, 5 g of total RNA was separated on an 8% urea-acrylamide gel. Phosphorimager quantification used a Fuji FLA-7000 and the native Multi Gauge software (version 3.1). The pulsechase labeling was performed as described in reference 28. The gels was transferred to a GeneScreen Plus membrane (NEF-976; Dupont De Nemours), sprayed with tritium enhancer (NEF-970G; Dupont De Nemours), and exposed to autoradiographic film.
For mapping the m 7 G1575 modification, primer extension reactions were carried out with a molar excess of oligonucleotide LD2092 and 10 g of total RNA, essentially as described in reference 64. The regular concentration of deoxynucleoside triphosphates (dNTPs) in such primer extension reactions is 1.2 mM (see Fig. 7B ). The dNTP concentration was reduced to 0.04 mM to improve detection of the modification (see Fig. 7A ). The primer extension stops were mapped with a DNA sequencing ladder generated with the same oligonucleotide as the one used in the primer extension reaction. The primer used in the sequencing reaction was phosphorylated with cold ATP to correct for migration differences. After extension with avian myeloblastosis virus (AMV) reverse transcriptase (Promega), RNA was hydrolyzed and the samples precipitated and migrated on 6% sequencing gels. Alternatively, reverse transcription was performed on RNAs that were first specifically cleaved at N 7 -methylated guanosine positions (according to reference 39). To break the phosphodiester backbone at the m 7 G position, total RNA was treated with NaBH 4 and aniline and dimethyl sulfate-modified tRNA were added in the reaction to enhance cleavage (39) . qRT-PCRs were performed as described in reference 53. An amplicon for yeast actin 1 was used as an endogenous control for the qRT-PCR analysis.
Fluorescence microscopy. Yeast cells were observed with a Zeiss Axio Imager Z1 microscope, equipped with a 100ϫ objective (numerical aperture [NA] of 1.46), and standard filter sets. Images were captured with a Zeiss HRm charge-coupled-device (CCD) camera and the native Axiovision software (version 4.5) and transferred to Photoshop and Illustrator (CS3; Adobe).
Sucrose gradient sedimentation analysis. Separation by sucrose gradient was performed exactly as described in reference 53.
Polysome analysis. Yeast cells were grown to an OD 600 of ϳ0.5 in YPDA (or 2% sugar-based selective synthetic minimal medium). Cycloheximide was then added to a final concentration of 100 g/ml. Extracts were prepared in 10 mM Tris-HCl (pH 7.4), 100 mM NaCl, 30 mM MgCl 2 , and 50 g/ml cycloheximide by vortexing in the presence of glass beads. Extracts were fractionated by ultracentrifugation on a sucrose gradient (10% to 50%) in a buffer containing 50 mM Tris-HCl (pH 7.4), 12 mM MgCl 2 , 50 mM NH 4 Cl, and 1 mM dithiothreitol (DTT) for 2 h 45 min at 39,000 rpm and 4°C (SW41 rotor). The fractions were recovered with an ISCO fractionator, and the absorbance at 254 nm was measured. The ratio between the small and the large subunits was obtained by analyzing absorbance profiles of whole cellular extracts prepared in the absence of MgCl 2 .
Tandem affinity purification. An affinity purification protocol optimized to detect transient interactions was used (see references 40 and 66) . Briefly, yeast cells were collected, resuspended in resuspension buffer, frozen in liquid nitrogen, and lysed in solid phase by cryo-milling on a planetary mill (Retsch) and stored at Ϫ80°C. The resuspension buffer consisted of polyvinylpyrrolidone 40 (PVP-40) at 1.2%, HEPES (pH 7.4) at 20 mM, Sigma protease inhibitor cocktail at 1:100, solution P at 1:100 (pepstatin A at 2 mg, phenylmethylsulfonyl fluoride [PMSF] at 90 mg, and ethanol at 5 ml), and DTT (1 M) at 1:1,000. The grindate was resuspended in RNP buffer (HEPES [pH 7.4] at 20 mM, potassium acetate [KOAc] at 110 mM, Triton X-100 at 0.5%, Tween 20 at 0.1%, Ambion SuperRNAsin at 1:5,000, Sigma antifoam at 1:5,000, solution P at 1:100, and NaCl at 150 mM) and incubated with rabbit IgG-conjugated magnetic beads (Dynal) for 1 h at 4°C. The beads were collected using a magnet, washed four times, and eluted twice (once for 20 min and once for 2 min) at room temperature (RT) under denaturing conditions (500 mM NH 4 OH-0.5 mM EDTA). The pooled eluates were separated on 4 to 12% NuPAGE Novex bis-tris precast gels (Invitrogen) and visualized by Coomassie blue staining. Duplicate experiments were analyzed by liquid chromatographymass spectrometry (LC/MS-MS).
For the TAP-alone control strain, a tandem affinity purification (TAP) cassette was integrated at the BAT2 locus by homologous recombination, resulting in the expression of a stable full-length TAP polypeptide directly under the control of the BAT2 constitutive promoter (strain YDL2618). BAT2 is a metabolic gene that encodes an enzyme involved in the last step of leucine formation. Genome-wide studies estimated Bat2 to be expressed at around 25,900 copies/cell (11), which is far more than most ribosome synthesis factors, making it a suitable control for unspecific interactions. For Fig. 5B and C (see below), coprecipitating RNAs were identified by primer extension as described in reference 53.
Generation of Saccharomyces cerevisiae Bud23-Trm112 model. Previous bioinformatic analyses identified Bud23 as a member of the class I SAM-dependent MTases (64) . Members of this family share a well-conserved fold despite little sequence identity; this fold consists of a sevenstranded ␤-sheet surrounded by helices on each side (54; also see Fig. 7 ). In Bud23, this MTase domain is predicted to be located within the 200 N-terminal residues, while the C-terminal region (75 residues, with strong enrichment in lysine and arginine residues) is predicted to be poorly folded (64) . We have therefore modeled only the Bud23 MTase domain which is predicted to interact with Trm112.
A search within the Protein Data Bank for protein structures displaying significant sequence similarity with S. cerevisiae Bud23 (residues 1 to 205) identified a putative MTase from Anabaena variabilis (PDB code 3CCF; 31% sequence identity over Bud23 residues 40 to 163) as well as human glycine N-methyltransferase (PDB code 2AZT; 26% sequence identity over Bud23 residues 14 to 150 [34] ). A chimeric three-dimensional (3D) model for the S. cerevisiae Bud23 MTase domain was then generated by merging regions from both MTases that display the higher similarity with Bud23. This template was used to generate the S. cerevisiae Bud23 model using the I-TASSER server as well as the alignment obtained from analysis of sequence similarity (51) . The model's accuracy has been assessed using the MetaMQAPII metaserver (45), yielding a GDT_TS (for global distance test, total score) value of 55.5 and predicting a root-mean square deviation of 3.5 Å. The mapping of the predicted accuracy (estimated agreement with the true but unknown structure) is available upon request.
The structure of the S. cerevisiae Bud23-Trm112 model was obtained by superimposing the coordinates of the S. cerevisiae Trm112 crystal structure (15) and the Bud23 model onto the corresponding parts from our recently solved Encephalitozoon cuniculi Mtq2-Trm112 crystal structure (32) . The stereochemistry of this Bud23-Trm112 model was further optimized using energy minimization as implemented in the CNS software so as to avoid steric clashes between the two partners (1). The coordinates of the S. cerevisiae Bud23 model and of the Bud23-Trm112 model are available in the supplemental material.
RESULTS
Trm112 is required for efficient ribosome synthesis in budding yeast. Trm112 was shown to interact with the U3-specific DEAH RNA helicase Dhr1 (4, 25) , suggesting that, in addition to its known functions in tRNA and translation termination factor methylation, the protein might be involved in ribosome synthesis. The subcellular localization of Trm112 in the nucleus and cytoplasm (17) is compatible with this possibility. Since Trm112 is encoded by a nonessential gene, this was directly tested in trm112⌬ cells.
S. cerevisiae trm112⌬ cells are hypersensitive to paromomycin, which is compatible with a defect in ribosome synthesis and/or function, and they are cryosensitive for growth, which has often been associated with ribosomal assembly defects (Fig. 1A) . Polysome analysis indeed revealed a striking ribosomal subunit imbalance in trm112⌬ cells, with no 40S subunits detectable, a concomitant elevated peak of 60S, and reduced amounts of polysomes (Fig. 1B) . Analysis under dissociation conditions indicated that the reduction in 40S subunits is 66%, and that in 60S subunits is 30% (mean of 4 experiments, with standard deviations [SD] of 6% and 4%, respectively) ( Fig. 1C) .
To test whether the loss of ribosomal subunits might result from a preribosome export defect, trm112⌬ cells were transformed with suitable reporter constructs expressing a ribosomal protein from either the small or the large subunit (Rps2 or Rpl25, respectively) in fusion with a green fluorescent protein (GFP). These reporters have previously been used to address ribosome export and been shown to assemble properly into preribosomes (18, 37) . In wild-type cells, both Rps2-GFP and Rpl25-GFP reporter constructs mostly labeled the cytoplasm, the site of mature ribosome accumulation, as expected. In addition, some cells showed a more intense nuclear signal in the form of a focus that largely colocalized with the nucleolus, as established by counterstaining with a DNA stain ( Fig. 1D and Table S1 in the supplemental material). Among trm112⌬ cells, the frequency of cells accumulating the GFP-fusions in nucleolar foci increased ϳ3-fold (see Table S1 in the supplemental material). This effect on preribosome export was seen both with the small and with the large subunit reporter constructs. We also noted that in trm112⌬ populations, a fraction of cells, between 7 and 10%, showed an abnormally elongated morphology, with the daughter cells remaining attached to the mother, reminiscent of cells failing to progress through mitosis. Consistently, in these cells, the GFP fusions always concentrated in a nucleolar focus adjacent to the DNA and asymmetrically distributed in the mother cell. Again, this was seen with both reporters. In budding yeast, the nucleolus is the last part of the nucleus known to partition between the mother and the daughter cells (59) . We conclude that trm112⌬ cells are characterized by a cell cycle defect and that Trm112 is required for efficient ribosome export.
Most ribosome export defects arise not as a direct consequence of ribosome export inhibition per se but simply as an indirect effect of nuclear ribosome assembly blockage, and this is likely the case for Trm112 since it affects similarly the export of both ribosomal subunits. Therefore, we were interested in finding out whether Trm112 is required for pre-rRNA processing. Total RNA was extracted, separated on denaturing agarose and acrylamide gels, and analyzed by Northern blotting ( Fig. 2A ; see schematics for a description of the pre-rRNA intermediates detected and the (A) (Left) trm112⌬ cells are hypersensitive to paromomycin. Serial dilutions of trm112⌬ (yVH90) yeast cells and the isogenic wild type (WT) were spotted on complete medium (YPDA), supplemented or not with paromomycin (800 g/ml). (Right) trm112⌬ cells are cryosensitive for growth, and the TRM112-TAP allele is fully functional (no growth defect). Cells were grown for 2 days at 30°C and 37°C and for 3 days at 23°C. (B) trm112⌬ cells are characterized by a ribosomal subunit imbalance. Shown is a polysome profile (absorbance at 254 nm) analysis of a trm112⌬ strain and the wild-type isogenic control. The positions of 40S, 60S, 80S, and polysomes are indicated. (C) The amount of both the small and the large ribosomal subunits is reduced in trm112⌬ cells. Analysis was conducted under dissociation conditions (absence of MgCl 2 ) for determination of the amount of small and large ribosomal subunits. This experiment was repeated 4 times. (D) Preribosome export assay. trm112⌬ cells and the isogenic wild type (BY4741) were transformed with a construct expressing either Rps2-GFP or Rpl25-GFP, grown to mid-log phase, and analyzed by fluorescence under a microscope. The arrow points to a nucleolar focus. Arrowheads point to nucleolar foci asymmetrically localized in the mother cell. The insets highlight cells blocked in mitosis with an asymmetrically localized nucleolar focus. DIC, differential interference contrast; DAPI, 4=,6-diamidino-2-phenylindole. probes used). The analysis was conducted in parallel at the physiological temperature of 30°C and at 23°C, since we found that the growth defect of trm112⌬ cells is exacerbated at this temperature (see Fig. 1A ). trm112⌬ cells showed reduced amounts of both large rRNAs, the 18S and 25S rRNAs ( Fig. 2A, gel IV, lanes 3 and 4) . The reduction was between 30% and 40%. The synthesis of the 18S and 25S rRNAs was affected to the same extent, as shown by the 25S/ 18S ratio, which remained constant at ϳ1 in both trm112⌬ and wild-type cells (see Table S2 in the supplemental material). This is consistent with the ribosomal subunit analysis indicating that the amount of both the small and large subunits is reduced (Fig. 1C) . trm112⌬ cells accumulated ϳ2.5-fold the primary transcript, the 35S pre-rRNA ( Fig. 2A , gels I to III, lanes 3 and 4, and inset, gel VIII, lanes 3 and 4; see also Table S2 ), indicating inhibition of the early nucleolar cleavages, at sites A 0 , A 1 , and A 2 ( Fig. 2A , schematics; also, see reference 38 for a recent review). Inhibition at sites A 0 to A 2 was confirmed by a weak accumulation of the 23S rRNA ( Fig. 2A , gels I and II, and data not shown) that extends between the transcriptional start site and A 3 in ITS1. In addition, precursors of the 5.8S and 25S rRNAs, the 7S and 27S pre-rRNAs, were significantly reduced in trm112⌬ cells; this reduction was more pronounced at 23°C than at 30°C (Fig. 2A , gels III and V, lanes 3 and 4, and inset, gels VIII and IX, lanes 3 and 4). The reduction in 7S pre-rRNA, however, only had moderate impact on the steadystate accumulation of the 5.8S rRNA ( Fig. 2A, gel VI) . Note that hybridization with a probe specific to the RNA component of the signal recognition particle, SCR1, was used as a loading control ( Fig. 2A, gel VII) .
The drastic reduction in 27S and 7S precursors suggested that these RNAs are particularly unstable in the absence of Trm112. This might be because in trm112⌬ cells, preribosomes are actively targeted by nucleolar surveillance mechanisms. Defective preribosomes are known to be targeted for degradation by polyadenylation of the RNA at its 3= end by TRAMP complexes, followed by exosome-mediated degradation (see the introduction). An important element of this nucleolar surveillance is the poly(A) polymerase subunit residing within TRAMP complexes and encoded by the related TRF4 and TRF5 genes.
To test whether precursor ribosomes are targeted for degradation in the absence of Trm112, either TRF4 or TRF5 was deleted in trm112⌬ cells. trm112⌬ trf4⌬ and trm112⌬ trf5⌬ cells were then grown to mid-log phase at 23°C, and total RNA was extracted and analyzed by Northern blotting as described above (Fig. 2B) . Normal precursors rRNAs, such as the 35S, 33S/32S, 27S, and the 20S pre-rRNAs, detected in trm112⌬ cells were all substantially stabilized upon trf4 or trf5 deletion (Fig. 2B , gels II and III, lanes 5 and 6), with the exception of the 7S pre-rRNA corresponding to 3=-extended forms of 5.8S rRNA, which was not stabilized (see Discussion). This analysis was repeated at 30°C, leading to overall similar conclusions (data not shown). Quite importantly, despite the increased steady-state accumulation of most pre-rRNA precursors and the partial restoration in the steady-state levels of mature rRNAs (Fig. 2B, gel I, lanes 5 and 6) 
We conclude that Trm112 is required for early nucleolar prerRNA cleavages and that in trm112⌬ cells, a significant fraction of large subunit pre-rRNAs are turned over by nucleolar surveillance. The 20S pre-rRNA was also stabilized upon nucleolar surveillance inactivation, indicating that a fraction of 20S pre-rRNA is constitutively degraded in the nucleus (Fig. 2B , gel II, lanes 5 and 6).
The polysome (Fig. 1B ) and ribosomal subunit (Fig. 1C) analyses indicated that trm112⌬ cells are primarily defective for small ribosomal subunit accumulation. Consistently, the pre-rRNA processing analysis revealed that the early nucleolar cleavages, at sites A 0 to A 2 , are inhibited in the absence of Trm112 (see 35S pre-rRNA accumulation in Fig. 2A) . However, and quite surprisingly, the 20S pre-rRNA, the immediate precursor to the small subunit 18S rRNA, which results from cleavage of the 35S prerRNA at sites A 0 to A 2 , accumulated stably in trm112⌬ cells ( Fig.  2A, gel I; compare lanes 1 and 2 with lanes 3 and 4) . In order to clarify this observation, and to further characterize the ribosome synthesis defect in trm112⌬ cells, we performed a metabolic labeling (Fig. 3) . Wild-type and trm112⌬ cells were grown to mid-log phase in minimal medium lacking uracil, pulse-labeled with [H 3 ]uracil for 1 min, and then chased with an excess of cold uracil. Total RNA was extracted from samples collected in a time course (1 to 20 min) and analyzed by denaturing agarose gel electrophoresis. Three conclusions could be drawn from the pulse-chase analysis. First, it confirmed the inhibition in early nucleolar cleavages. Indeed, the 35S pre-rRNA, which is not normally detected in wild-type cells because it is normally processed very rapidly, became detectable in trm112⌬ cells. Second, it informed us that small subunit synthesis is strongly impaired in the absence of Trm112: in wild-type cells, the conversion of the 20S pre-rRNA into 18S initiated as soon as 3 min following the chase (Fig. 3, lane  3) , while in trm112⌬ cells, this conversion started only after 10 min of chase (Fig. 3, lane 11) . Third, it revealed that the kinetics of large subunit pre-rRNA processing is only mildly affected in trm112⌬ cells, which further validated our hypothesis, discussed above, that for the large subunit rRNA precursors it is RNA degradation which is activated rather than RNA synthesis being inhibited.
Trm112 interacts with the 18S rRNA methyltransferase Bud23 in vivo. To get further insight into the involvement of Trm112 in ribogenesis, we undertook to identify its protein partners, which we did by affinity purification followed by mass spectrometry analysis in cells expressing as their unique source of the protein a Trm112-TAP fusion from its endogenous promoter. We confirmed that the Trm112-TAP fusion is functional by showing that its expression did not lead to any growth or pre-rRNA processing defects (Fig. 1A and 2A) .
Total cellular extracts were prepared in solid phase in a planetary ball mill and engaged in a revised affinity purification protocol optimized to efficiently capture transient interactions (40) . Interactions were carefully curated with those identified with a control strain expressing the TAP tag alone, and with an unrelated bait. This analysis confirmed that Trm112 copurifies with the MTases Mtq2, Trm9, and Trm11 (see the introduction) and indicated association with the 18S rRNA MTase Bud23 (peptide ion scores of Ͼ95%), as well as numerous ribosome synthesis transacting factors involved in the synthesis of the small, the large, or both subunits ( Fig. 4 ; see also Table S3 in the supplemental material). We also further confirmed by a targeted coprecipitation analysis in cells coexpressing as their sole source of Trm112 and Dhr1 a Trm112-HA and a Dhr1-TAP fusion that these two proteins interact in vivo (data not shown).
We independently confirmed, by velocity gradient centrifugation, that Trm112 copurifies with preribosomes, including with preribosome species that also contain Bud23 (Fig. 5A) . A total extract from wild-type yeast cells was fractionated on 10 to 50% sucrose gradients, and the 24 fractions collected were analyzed by Western blotting. Trm112 showed three peaks, localizing in light fractions (Fig. 5A, fractions 1 to 5) , with pre-40S ribosomes (Fig.  5A , fractions 7 and 8), and with pre-90S ribosomes (Fig. 5A , fractions 12 and 13). Bud23 was also detected in the "90S-sized" fractions. As controls, duplicated membranes were probed for Nog1 cessing. trm112⌬ and isogenic wild-type (WT) cells, transformed with a plasmid expressing the URA3 gene, were grown at 23°C in minimal medium lacking uracil, pulse-labeled with tritiated uracil for 1 min, and chased with an excess of cold uracil for the indicated times. Total RNA was extracted, separated on denaturing agarose gels, and transferred to a GeneScreen membrane. The membrane was sprayed with tritium enhancer and exposed to film. Lanes corresponding to trm112⌬ cells were exposed 4 times longer than those of the WT control.
(a known pre-60S component), as well as for a ribosomal protein of the small and large subunits (RpS8 and RpL3).
To further demonstrate that Trm112 is a bona fide component of preribosomes, we characterized its RNA partners by affinity purification, as described above, followed by primer extension analysis ( Fig. 5B and C) . We found that Trm112-TAP copurifies low but significant amounts of both early nucleolar and late cytoplasmic pre-rRNAs (35S pre-rRNA and dimethylated 20S prerRNA, respectively) (Fig. 5B, lane 4, and Fig. 5C, lane 5) . Note that the 20S pre-rRNA ( Fig. 2A, schematics) is dimethylated on two conserved adjacent adenines located at the 3= end of the 18S rRNA coding sequence (28) and that this modification occurs in the cytoplasm. As a control for specificity, we used cells expressing the TAP epitope alone. We also used cells expressing TAP-tagged epitope versions of early-and late-acting assembly factors (Nop58 and Enp1, respectively). Nop58 interacted strongly with the 35S pre-rRNA and only marginally with the dimethylated 20S prerRNA, and Enp1 interacted strongly with dimethylated 20S but only very weakly with 35S ( Fig. 5B and C, lanes 1 and 2; see also reference 12).
Trm112 interacts with the 18S rRNA MTase Bud23 in vitro. The presence of the 18S rRNA MTase Bud23 in the Trm112-TAP eluate raised the possibility that the two proteins interact directly. To test this idea, we coexpressed in bacteria a polyhistidine-tagged version of Bud23 with untagged Trm112 and performed purification on nickel agarose resin. We indeed found that Trm112 copurifies with His 6 -Bud23 (Fig. 6A, lanes  4 to 7) and that formation of the Bud23-Trm112 complex is resistant to high NaCl concentrations (up to 1 M). As a control, the identity of both copurifying proteins was confirmed by Western blotting (Fig. 6B and C) . We also checked that untagged Trm112 expressed alone did not interact with nickel agarose resin (see Fig. S1 in the supplemental material). Bud23 had previously been shown to accumulate in inclusion bodies when expressed alone in E. coli (2) , similarly to Mtq2 and Trm9 (15, 36) . Strikingly, we observed that the coexpression of Trm112 and His 6 -Bud23 increased the solubility of Bud23 by a factor of ϳ5 (Fig. 6D ; compare the relative amount of protein in the pellet and supernatant fractions in lanes 3 and 4, respectively, with that in lanes 6 and 7) . Further, when expressed alone under the same conditions, the soluble fraction of His 6 -Bud23 was unable to bind nickel resin, probably because of inappropriate folding and/or protein aggregation (see Discussion).
FIG 4
Trm112 copurifies with preribosomes that also contain the 18S rRNA methyltransferase Bud23. Partners of Trm112 were identified by affinity purification followed by mass spectrometry analysis. Yeast cells expressing a functional Trm112-TAP fusion (see Fig. 1A ) were grown exponentially to mid-log phase at 30°C in YPDA. Total lysates were prepared in solid phase (see Materials and Methods) and engaged in a revised affinity purification protocol (40) . As a control, we used a strain expressing the TAP tag alone (data not shown). Interactions were carefully curated with those identified in the TAP-alone control and with an unrelated bait. All interactions are listed in Table S3 Trm112 is required for Bud23-mediated 18S rRNA methylation at G1575 in vivo. In budding yeast, Bud23 is known to methylate 18S rRNA at position G1575, a highly conserved residue interacting with the anticodon stem of the P-site tRNA within the 40S subunit (47, 64) . The observations that Trm112 and Bud23 copurify in vivo and that they directly interact in vitro strongly suggested that Trm112 might act as a coactivator of Bud23.
Whether Trm112 is required for the methylase activity of Bud23 was tested in vivo by primer extension through the methylation site. m 7 G1575 is known to severely hinder the progression of the reverse transcriptase, leading to the formation of a transcription stop product (64) . Total RNA extracted from trm112⌬ cells, and as controls from bud23⌬ and isogenic wild-type cells, was used as the template for cDNA synthesis (Fig. 7A) . Deletion of trm112 abrogated formation of m 7 G1575, as did the deletion of BUD23.
To further confirm this conclusion, we used an alternative mapping strategy in which the RNAs are specifically cleaved at N 7 -methylguanosine positions, prior to reverse transcription ( Fig.  7B ; see also reference 39). In this approach, total RNA was cleaved at m 7 G by reduction with NaBH 4 , followed by ␤-elimination with acetic acid-aniline. Cleavage at position G1575 was detected only on rRNA from wild-type cells, demonstrating unambiguously that in trm112⌬ cells the 18S rRNA modification carried out by Bud23 is lost (Fig. 7B) .
The loss of rRNA modification prompted us to test whether Trm112 is required for the metabolic stability of Bud23 (Fig. 7C) . In trm112⌬ cells, and by comparison to wild-type cells, only a minute amount of Bud23 could be detected, indicating that Trm112 is indispensable for Bud23 accumulation ( Fig. 7C ; compare lanes 2 and 3). In contrast, in the absence of Bud23, the stability of Trm112 was not affected (Fig. 7C, lane 4) . To rule out the possibility that the absence of Bud23 in trm112⌬ cells simply results from a reduced expression at the mRNA level, total RNA from the samples analyzed in Fig. 7A and B was analyzed by qRT-PCR (standardized against the mRNA encoding actin 1). This analysis indicated that in trm112⌬ cells, the BUD23 mRNA accumulated stably ϳ2.5-fold (data not shown). Whether this reflects a regulatory loop will require further investigation. Hence, in trm112⌬ cells, the loss of 18S rRNA methylation at position G1575 results from a strongly affected level of Bud23 protein but not mRNA. Since Trm112 and Bud23 interact directly in vitro, and since Trm112 substantially increases the solubility of Bud23, we suggest that Trm112 is required to stabilize Bud23 (see Discussion).
Trm112 is a coactivator of four methyltransferases with diverse functions in ribosome metabolism. Trm112 is truly unique, acting as an activating platform of four MTases, specific to rRNA (Bud23), tRNA (Trm9 and Trm11), and even a translation factor (Mtq2). This ideally positions Trm112 at the interface between ribosome synthesis and function, suggesting that it might possibly coregulate these processes. If so, one might assume that the cellular level of Trm112 is tightly regulated, such that only the correct amount is delivered to each MTase with which it interacts in order to stabilize and/or activate only the amount needed. Quantification of the cellular copy number of Trm112 and its known partners indeed strongly suggests that Trm112 is limiting (the estimated copy number of the four MTases is about twice that of Trm112 (11) .
To test the idea that the overexpression of any one of Trm112 partners might sequester it away from its other partners, we overexpressed Mtq2 from a strong inducible pGAL promoter and tested the effects on growth and polysome accumulation (Fig. 8) . Overexpression of Mtq2 inhibited growth substantially (Fig. 8A) and led to a strong accumulation of 60S subunits, the absence of 40S, and reduced polysomes (Fig. 8C) , a phenotype reminiscent to that observed in trm112⌬ cells (Fig. 1B) and in bud23⌬ cells (64) . Strikingly, coexpression of Trm112 restored growth partially, reduced the amount of free 60S, and somehow restored polysome accumulation. We reached the same conclusion when we overexpressed Trm9 or Trm11 in place of Mtq2 (data not shown). We conclude that the cellular concentration of Trm112 is limiting and that the overexpression of any one of its partners sequesters it away, preventing it from interacting with its other substrates. Consistently, we also found that upon Mtq2 overexpression, the steady-state accumulation of Bud23 was strikingly reduced (up to 5 times [ Fig. 8B; compare lanes 1 and 3] ).
DISCUSSION
Trm112 is required for Bud23-mediated methylation of the 18S rRNA at position G1575 and for efficient small ribosome subunit synthesis. Methylation of proteins and RNAs is a widespread modification known to modulate their functions (42, 48, 65) . Trm112 activates several class I SAM-dependent MTases with substrates implicated in translation, such as several tRNAs (modified by Trm9 and Trm11), and the eukaryotic release factor 1 (by Mtq2). Here, we present evidence that Trm112 interacts with and is required for the metabolic stability of Bud23, another class I SAM-dependent MTase, which is specific for rRNA, i.e., the 18S rRNA.
We have shown that Trm112 copurifies with several proteins associated with nuclear preribosomes (Fig. 4) , that it colocalizes on velocity gradients with pre-90S and pre-40S ribosomes (Fig.  5A) , and that it associates in vivo with early nucleolar and late cytoplasmic pre-rRNAs ( Fig. 5B and C) . We also demonstrated that Trm112 is required for efficient pre-rRNA processing and for preribosome export (Fig. 1 to 3 ). Among the numerous ribosome synthesis trans-acting factors with which Trm112 copurifies, we found the 18S rRNA MTase Bud23. We have shown in vitro that Trm112 and Bud23 interact directly (Fig. 6) , that coexpression of recombinant Trm112 and Bud23 substantially increases the solubility of Bud23 (Fig. 6) , and in vivo that Trm112 is required for Bud23 accumulation and consequently for Bud23-mediated modification of the 18S rRNA at position G1575 (Fig. 7) . Bud23 was shown to be important for small ribosome subunit synthesis (64) . The effects on ribosome synthesis in trm112⌬ cells that we report here are nearly indistinguishable from those previously described for bud23⌬ cells. A natural explanation for the effects of Trm112 on ribosome synthesis is thus provided by the observation that Trm112 is required for the metabolic stability of Bud23.
Prior to this work, Trm112 was shown, in high-throughput analysis, to copurify with preribosomes that also contain the box C/D-associated DEAH helicase Dhr1 and several SSU-processome components, all required for the early nucleolar cleavages at sites A 0 to A 2 . We confirmed the association with early preribosomes (presence in 90S-sized fractions and copurification with 35S pre-rRNA [ Fig. 5] ) and demonstrated the requirement for the early nucleolar cleavages (trm112⌬ cells accumulate ϳ2.5-fold the primary transcript [ Fig. 2] ). In addition, we found that Trm112 is required for small ribosome subunit synthesis ( Fig. 2 and 3) and that in the absence of Trm112, pre-rRNAs otherwise destined to be incorporated into large subunits are massively turned over by nucleolar surveillance (Fig. 2B) . We have demonstrated that the binding of Trm112 to nascent preribosomes occurs at an early nucleolar stage on 35S pre-rRNA. This likely explains that it has consequences for the synthesis not only of the small but also of the large ribosomal subunit. Trm112 interacts with trans-acting factors involved in the synthesis of both the small and the large subunits, such as Rrp5 and Rrp12, providing further support for this notion (Fig. 4) . We have further reported that Trm112, or at least a fraction of it, escorts pre-40S ribosomes into the cytoplasm, as shown by its interaction with dimethylated 20S pre-rRNA (Fig.  5C ). We do not believe that Trm112 plays any direct role in preribosome transport because it does not interact with large ribosome subunit precursor rRNAs (data not shown) while equally affecting both pre-40S and pre-60S export.
Trm112 is required for progression through mitosis. Ribogenesis and the cell cycle have long been connected (reviewed in reference 19). It has been known for a very long time that in order The arrow points to the 60S peak. The 40S/60S ratio in each panel was determined under dissociation conditions (see Fig. 1C ). This experiment was repeated twice. WT, wild type. to commit to division, cells have to achieve a certain size, for which they require a sufficient amount of functional ribosomes. The G 1 /S transition, known as START in yeast and restriction point in mammals, is a step in the cell cycle where, unsurprisingly, important quality controls operate (reviewed in reference 10). Recent analyses have indicated that it is not only protein synthesis per se that is monitored at the G 1 /S transition but also ribosome synthesis. Consistently, mutations in many ribosome synthesis transacting factors are characterized by a G 1 /S arrest. In addition, fewer trans-acting factors were shown to carry functions at specific steps other than G 1 /S, such as in the S phase (Noc3, Nop7, and Rrp12), mitosis (Ebp2, Rrb1, Rrp14, and Utp7), exit from mitosis (MRP), and cytokinesis (Nop15) in yeasts and centrosome duplication (B23, C23, and Misu) in humans (discussed in reference 10). Trm112 appears to be a novel member of this singular group, since about 10% of trm112⌬ cells fail to go through mitosis (Fig. 1) . Trm112 is not essential for growth; however, for the 10% of cells for which it is required to get through mitosis, it has become indispensable for cell survival. Interestingly, in plants, trm112 mutants are characterized by cell division and organogenesis defects (16) , indicating that this function might have been evolutionarily conserved.
Trm112 is a coactivator of several protein and RNA MTases. The recent determination of the crystal structure of the Mtq2-Trm112 complex from E. cuniculi has shed important light on the mechanisms by which Trm112 activates its class I MTase partners ( Fig. 9 ; see also reference 32). At the interface between Trm112 and Mtq2 lies a "␤-zipper" comprised of two parallel ␤-strands, one provided by each partner (␤4 on Trm112 and ␤3 on Mtq2 [Fig. 9A, inset] ), that interact by four hydrogen bonds formed between main-chain atoms. This affords a communal mode of interaction between proteins differing in primary sequences but sharing a similar fold. In addition, Trm112 interacts with a loop connecting two ␤-strands in Mtq2 (connecting ␤3 and ␤4) and stabilizes it in its interaction with the MTase SAM cofactor. The interaction with SAM, in turn, stabilizes the complex.
Based on our observation that Trm112 interacts directly with Bud23, another class I MTase, we have generated in silico a threedimensional model for the yeast Bud23-Trm112 complex (Fig.  9B) . We notably found that all the structural elements involved in the catalytic activation of Mtq2 by Trm112 are present in Bud23, suggesting that its mode of activation is largely conserved (Fig. 9C,  inset) .
Trm112 increases the solubility of several of its partners, including Trm9 and Mtq2 (32, 36) and, as established here, Bud23, suggesting that it is required for optimal folding of this group of class I MTase apoenzymes. Trm112 interaction with Mtq2, and most probably Trm9, buries a large hydrophobic solvent-accessible region, providing a rationale for the increased solubility observed upon complex formation and the resistance of complexes to high-ionic-strength treatment (32) . These properties are shared by the Bud23-Trm112 complex, which is resistant to high salt washes in vitro. In addition, our model of the S. cerevisiae Bud23-Trm112 complex shows that the Bud23 region interacting with Trm112 is rich in hydrophobic residues.
Rid2, the Bud23 ortholog from Arabidopsis thaliana, has been involved in the reactivation of cell division during the process of dedifferentiation, which is essential for organ regeneration and wounding in plants (41) . A thermosensitive rid2-1 allele, defective for pre-rRNA processing, carries a single amino acid substitution that, quite strikingly, according to our 3D model, is predicted to lie at the Bud23-Trm112 interface (data not shown).
Since the methylation function of Bud23 is dispensable for efficient pre-rRNA processing (64) , it was quite unlikely that it is the involvement of Trm112 in Bud23's catalytic activation that underlies the pre-rRNA processing phenotype observed in trm112⌬ cells. We found that in trm112⌬ cells, the stability of Bud23 is dramatically affected (Fig. 7C) . We therefore propose that Trm112 stabilizes Bud23 and that in its absence, Bud23 is unstable and cannot interact productively with preribosomes, which consequently are stalled in their maturation. Previous functional analysis of several rRNA base MTases, including Bud23, Dim1, and Emg1, indicated that it is not the modification per se that is important for ribosome synthesis but, rather, the presence of the MTase itself (27, 28, 30, 64) . This led to the proposal that in the course of ribosome assembly, preribosomes that have failed to bind the MTase in a timely fashion, ultimately preventing prerRNAs from being modified, are aborted (discussed in references 27 and 28). We now show that these preribosomes are indeed recognized as defective and targeted for degradation by TRAMP complexes (Fig. 2) . Indeed, the inactivation of TRF4 or TRF5, which are key elements of a 3=¡5= nucleolar surveillance pathway, stabilizes pre-rRNAs in trm112⌬ cells (Fig. 2) . It is quite striking that the 7S pre-rRNA, a precursor to the 5.8S rRNA, was not stabilized upon TRAMP complex inactivation (Fig. 2) . We suggest that this is because this RNA species is not a substrate for this nucleolar surveillance pathway. Does Trm112 integrate several aspects of ribosome synthesis and function? From this work and previous analysis, we conclude that Trm112 acts as a platform that activates multiple proteins and RNA MTases, all involved in ribosomal processes. The observation that the cellular copy number of Trm112 is limited, by comparison to that of its known partners, is compatible with a function as a regulator.
There are several lines of evidence that strongly support the view that at least four MTases (Bud23, Mtq2, Trm9, and Trm11) compete with each other to interact with Trm112. First, overexpression of Mtq2 mimics the deletion of bud23, as revealed by polysome profiles and growth assays, and this is partially suppressed by the concurrent overexpression of Trm112 (Fig. 8) . The overexpression of Trm9 or Trm11 led to overall similar conclusions. Second, the overexpression of Trm11 or Mtq2 affects interaction of Trm9 with Trm112 (58) . Third, all Trm112 partners are members of the well-defined class I SAM-dependent MTases with the prediction that they share a similar fold and thus interact with Trm112 through the same binding site (e.g., see Fig. 9 for Mtq2 and Bud23). Fourth, our crystal structure of Mtq2-Trm112 revealed that in addition to a large hydrophobic interaction surface, both proteins interact via a ␤-zipper involving mostly main-chain atoms. Finally, based on the Mtq2-Trm112 structure, we generated a model for the S. cerevisiae Trm9-Trm112 complex and validated directly by site-directed mutagenesis the prediction that specific Trm9 residues lie at the interface with Trm112 (32). Trm112 is thus ideally positioned to integrate various aspects of ribosome synthesis (through Bud23) and function (via Trm9, Trm11, and Mtq2). Future work is now needed to establish the exact nature of this putative regulatory function.
